This study introduces a prototype model for evaluating policies to abate agricultural nutrients in the Baltic Sea from a Finnish national point of view. The stochastic simulation model integrates nutrient dynamics of nitrogen and phosphorus in the sea basins adjoining the Finnish coast, nutrient loads from land and other sources, benefits from nutrient abatement (in the form of recreation and other ecosystem services) and the costs of agricultural abatement activities. The aim of this study is to present the overall structure of the model and to demonstrate its potential using preliminary parameters. The model is made flexible for further improvements in all of its ecological and economic components. Results of a sensitivity analysis suggest that investments in reducing the nutrient runoff from arable land in Finland would become profitable only if Finland's neighbors in the northern Baltic committed themselves to similar reductions. Environmental investments for improving water quality yield the highest returns for the Bothnian Bay and the Gulf of Finland, and smaller returns for the Bothnian Sea. In the Bothnian Bay, the abatement activities become profitable because the riverine loads from Finland represent a high proportion of the total nutrient loads. In the Gulf of Finland, this proportion is low, but the size of the coastal population benefiting from improved water quality is high.
INTRODUCTION
The Baltic Sea suffers from eutrophication caused by elevated nutrient concentrations. These are driven by external nutrient loads and internal nutrient recycling. External nutrient loads are strongly linked to the current economic activities. Agriculture, municipalities, industry, and society as a whole use the Baltic Sea as a rent-free sink of nutrients, deteriorating its water quality. This causes economic losses, as recreational use diminishes, the operational environment of fisheries is impaired, biodiversity is lost, and the non-use value people place on the sea decreases. The situation is an example of a market failure: even though the economic benefits of enhancing water quality outweigh the costs, the markets have failed to provide the correct incentives to polluting firms or nations and the sea remains highly polluted.
Recently, an increasing body of economic research has pinpointed such market failures and Wulff et al. 2001, Savchuk and Wulff 2007) . However, none of these studies has truly combined all three essential elements of the tragedy of the Baltic Sea: the stochastic development of water quality and the underlying ecological processes, the relevant economic activities in the sea basin and its watershed area, and the economic benefits to be gained from the improved quality of sea amenities.
We introduce a model which, on one hand, covers the three major elements at the outset and, on the other, is flexible enough to allow for further improvements in both its ecological and economic components. We illustrate the properties of the model by using it to evaluate nutrient abatement policies in Finnish agriculture. In the model, the development of nutrient concentration is described as a stochastic process. The level of nutrient concentration of the next period in a given basin is determined by the concentration of the current period and nutrient inputs and outputs between various sources and sinks (e.g. other basins, air, sediment processes). For the basins surrounding Finland, the riverine nutrient loads are modeled as stochastic inputs. For the Baltic Proper, the model incorporates stochasticity directly into the annual nutrient concentration of the water column.
The model is distinctly policy-oriented and currently focuses on agriculture, the principal source of pollution in Finland.
The aim of this paper is to present the structure of the model and to demonstrate its potential with preliminary parameters. The analysis is limited to marine areas along the Finnish coast and to the effects of eutrophication and abatement activities on the country's economy. We also identify the most acute gaps in the model with a view to its further development. For example, the next step future research might take would be to analyze the distributional effects of the damage from eutrophication across some of or all the Baltic Sea countries.
Our model applies cost-benefit analysis (CBA), which has not been used in Finland for evaluating environmental policies as intensively as in many other countries, for example, the UK and the US (Hanley 2001 , Turner 2007 . The alternative approaches in Finland thus far have been different types of participatory methods and cost-effectiveness analyses. These have not explicitly included the benefits of environmental improvements. The goals of the policy -the environmental quality to be achieved -have been found using the participatory or political processes and the researcher has been left to find the least expensive way to achieve these goals. Our case shows that integrating benefit measures into the analysis augments the participatory approach, as the benefits are derived from the preferences of the public. Our results on the welfare effects of given policies for the Bothnian Sea and the Gulf of Finland, for instance, illustrate the strength and flexibility of the CBA approach.
The rest of the paper is organized as follows. The next section presents the structure of the simulation model and the data used in the modeling exercise. The third section presents the results from different model components and illustrates the steps needed to describe how the deterioration of the Baltic Sea leads to economic costs. The fourth section is devoted to identifying the caveats and most obvious gaps in our present knowledge with a view to developing either the current model further or other models suitable for policy analysis and evaluation.
MATERIALS AND METHODS
Our stochastic simulation model combines the ecological processes and economic consequences of eutrophication in the northern Baltic Sea. The model consists of four main components: 1) nutrient stock dynamics in the selected sea basins, 2) nutrient loads from land and other sources, 3) the costs of agricultural nutrient abatement, and 4) the benefits of nutrient abatement to Finnish citizens.
Riverine loads to the sea basins adjoining the Finnish coast, and nutrient concentrations in the Baltic Proper are described as stochastic processes. The benefits and costs of abatement are compared in a cost-benefit analysis. A simplified diagram of the model is presented in Figure 1 . [FIGURE 1 ABOUT HERE] The areas of the Baltic Sea adjoining the Finnish coast are divided into three basins (i): the Bothnian Bay (i=1); the Bothnian Sea, including the Swedish and Finnish archipelagoes (i=2); and the Gulf of Finland (i=3) . The boundary at which these basins exchange water and nutrients with the Baltic Proper (i=4) forms the southern limit of the area covered by the present model. The nutrient budgets of the basins are described as in Savchuk (2005) . The two critical nutrients causing eutrophication are nitrogen (N) and phosphorus (P). The dynamic state variables of the model are and , the amounts of total N and P in the water column (in tons). Time is denoted by t=1,…,200 and the time step is one year. The dynamics of the nutrient balances are described by:
Component 1: Description of nutrient dynamics
where and are the annual land loads, and and the atmospheric deposition of N and P.
The land loads are expressed for three basins (i=1,2,3) and n i countries accounting for the land load in each basin (j=1,…,n i ). Denitrification, burial, and nitrogen fixation by cyanobacteria are denoted by D, B, and F, respectively, and I denotes the internal loading of P from sea bottom sediments. 
It is assumed that the nutrients are well mixed in each basin. For the Baltic Proper, the future developments of nutrient concentrations are predicted by: 
Component 2: Projecting nutrient land loads
The second component of the model describes the future development of land loads, including nutrient runoff from arable land, forests and point sources. Annual variation in agricultural loads is a special feature of non-point source pollution, and is explicitly taken into account in our model. To project future land loads, information is needed on (1) the probable development of the agricultural sector and other critical sectors by country and region, and (2) the present level of and past fluctuations in land loads. Table 1 shows past and probable future development of the agricultural sector in Finland. The information on past developments has been drawn from the Yearbook of Farm Statistics (1983, 1992/1993, 2000, 2007) . The future developments of the agricultural sector are based on the results of the Finnish agricultural sector model DREMFIA (MMM 2008) . The predictions on the average land loads after 20 and 50 years (Table 2 ) are based on the inform le 1 and the fact that agriculture currently accounts for about 40% of the total land loads in
Finland. The predictions for other countries are based on the literature and expert opinions.
In Finland, an increase in the total land area used for farming, increased use of inorganic N fertilization, and an increased rate of clearing arable lands will lead to increased N loads over the next 20 years. The loads are assumed to gradually decrease thereafter. The flow of total P from the Finnish rivers is assumed to decrease due to reduced use of inorganic fertilizers and gradually decreasing P stocks in agricultural . hn wever, the P loads will inc ards 2058 due to intensified poultry and pig farming and increased application of manure fertilization in southwest Finland.
[TABLES 1-3 ABOUT HERE]
In Sweden, nutrient loads are assumed to decrease over time due to adaptation to the current agricultural policies (Kadin 2009). In Estonia, reintroducing arable land to agricultural production is assumed to increase the nutrient loads over the next 50 years. In Russia, plans to increase mal production in the Leningrad Oblast and the ongoing practice of spreading what is an oversupply of manure on unmanaged fields explain the increasing land loads of both N and P. Table 3 shows historical data on riverine loads of total N and P flowing into the Baltic Sea for the period 1986-2000. There are large annual fluctuations in the land loads, mainly due to variations in weather conditions. Seasonal distribution and the amount of rainfall in particular are important determinants of nutrient runoff (Turtola and Paajanen 1995) . It is assumed that the initial average land loads (in 2008) are the same as the average from and loads are assumed to remain the same in the future. The land loads for the
where L is a (14 × 200) matrix for annual N and P loads for 7 clusters of rivers for the next 200-year period. The trend for the mean land loads is predicted by Dγ; γ denotes a matrix of land loads interpolated from the values in Table 2 
In the diffusion part of equation [5] , S is a diagonal matrix for the standard deviations of past land loads in the diagonal, Z is a matrix of normally distributed random variables and A is the Historical data on land loads (Table 3) was standardized by subtracting from each observation the average land load and dividing the difference by the standard deviation. Figure 2 illustrates sample projections of land loads and developments of nutrient concentrations.
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Component 3: Costs of nutrient abatement
The abatement set consists of reductions in nutrient fertilization, changes in cultivated crops and cultivation methods, reductions in the number of dairy cattle, changes in the cattle diet, and allocation of set-aside land. The abatement costs are derived from a static deterministic non-linear economic watershed model, which provides profit-maximizing solutions for representative dairy and cereal farms (Helin 2009). The abatement cost curve for each farm type is calculated as the difference between unconstrained and constrained optimal profits and for N and P load constraints separately. Thus, we obtain the most cost-efficient abatement path for each nutrient for each farm type. How abatement costs are distributed between the farm types is determined by the curves for each nutrient; the distribution of arable land between the farm types is assumed to be fixed. The economic parameters, such as prices and subsidies, are for the year 2007, and the abatemen umed to be the same for all watersheds of the three basins adjacent to the Finnish coast.
The abatement policies (h) consider reductions of nutrients from the agricultural sector. In addition to the baseline (h=1), where no abatement policy is implemented, we consider policies that obtain cost-efficient nutrient reductions of 30% and 16% for either N (h=2,3) or P (h=4,5). The unit costs of nutrient abatement policies, c_abat h , are expressed as the average cost reducing 1 kg of either N or P independently of the future developments of the agricultural sector. The unit cost is assumed to remain constant over time. The net present value of the costs of abatement policy, C h , is approximated by multiplying the unit cost by total nutrient reductions fo dividing the product by the rate of interest. The equations for policies targeting reductions in r Finnish rivers and 
Component 4: Benefits of nutrient abatement
As eutrophication causes damage to the ecosystem, abatement policies reducing this damage increase human well-being. Assessing the monetary value of the benefits of nutrient abatement in the Baltic marine ecosystem is difficult and, for some elements, impossible. Some of the total benefits, such as improved ecosystem services contributing to human well-being, can, however, be estimated. We use two valuation approaches to describe the benefits (the damage) from decreased (increased) eutrophication: the travel cost method and meta-analysis. The travel cost method captures the value of functioning ecosystem services by the expenditures people make on coastal water-related recreation. Meta-analysis, on the other hand, summarizes the results of uation studies on the Baltic Sea to provide an estimate for marine-related amenities. Using two types of valuation methods provides a broader perspective on the reliability of the estimates and enables comparisons between the approaches, a rare opportunity in a cost-benefit analysis.
As opposed to the travel cost method, which analyzes only use values through recreational demand, the meta-analysis includes the non-use values that people place on having a clean and hea ages of using water clarity as an indicator of eutrophication are its simplicity, To estimate the value functions for the level of eutrophication we need to link the nutrient concentrations in the Baltic Sea to eutrophication and to human activities. Practice has shown that Secchi depth can be used as a reasonable proxy for eutrophication (Michael et al. 2000 , Helcom 2007 ). The advant h in terms of scientific measurement and the observational capability of the general public. On the other hand, water clarity is affected by factors other than eutrophication, and is therefore does correlate completely with eutrophication. We link water clarity to nutrient concentrations using a transfer function.
The data used to formulate the transfer function are those presented in Vesterinen et al. (2008) 
where η i and κ 1,i ,…, κ 5,i are estimated parameter values. The water temperature and depth are denoted by temp and depth, respectively. Figure 4 provides sample projections of average water clarity.
[
FIGURE 4 ABOUT HERE]
The results from the travel cost study of Vesterinen et al. (2008) are used to describe the value of recreational swimming, fishing and boating on the Baltic coast of Finland. The study estimates the effect of near-home water clarity on water-related recreation and the value of this recreation in Willingness to pay estimates are linked to changes in Secchi depth by assuming Secchi depth is an indicator of overall water quality.
The meta-regression indicates higher willingness to pay to prevent losses in water quality than to make improvements in it, a phenomenon referred to as loss aversion (e.g. Kahneman et al. 1991, Tversky and Kahneman 1991) . The value function is thus steeper in the domain where the Secchi depth is inferior to the current status (Figure 3b ). Willingness to pay is assumed to be zero for a 0% However, the state budget may be fixed, with proj education, public transport) competing for limited funds, whereby the benefit-cost ratio may become an appropriate cri benefit-cost ratio (BC) of investing in water quality are obtained by 
Synthesis of components: Cost-benefit analysis
The net present value is the relevant selection and ranking criterion of environmental projects in cases where there are no other investment outlets competing for the same funds, that is, when the government can borrow any amount of money to finance an environmental project. In such a case, the magnitude of the projects being compared does not matter: the abatement policy yielding the highest expected net present value would be the rational choice for a risk-n ects in different sectors (e.g. health care, terion for ranking alternative projects. The net present value (NPV) and 5 ,...,
[14]
Computation of the results comprises of three steps. ). g public projects in Finland are (Stern 2007 The discount rates used in evaluatin e that the other countries in the northern Baltic Sea (Sw P load (30%) is optimal when using the net re committed to similar red around 5%, which is the default interest rate (r=0.051) applied in our analysis.
RESULTS

[TABLE 4 ABOUT HERE]
The expected net present values and benefit-cost ratios for different abatement policies, rates of interest, valuation approaches, and levels of international involvement are shown in Table 4 . The baseline simulations (the first 12 rows in Table 4) assume that only Finland invests in nutrient abatement. The remaining computations assum eden, Russia, and Estonia) are also committed to nutrient abatement in that they will reduce their nutrient loads in the same proportion as Finland does. However, it should be noted that the benefits and costs are shown for Finland only.
Profitable environmental investments are indicated in bold for both decision criteria in Table 4 .
None of the alternative policies become economically profitable if Finland makes plans to reduce land loads alone and the benefit estimates are based on coastal population only. Reductions in P load from the Finnish agriculture become rational only if the neighboring countries are committed to similar reductions and if the benefit estimate is based on a large array of ecosystem services such as that included in the meta-regression. A large reduction in present value as a ranking criterion and for interest rates of 2.6% or larger. However, an environmental project aiming at a smaller reduction in P load (16%) is likely to be more competitive with other public projects due to its higher BC. Table 4 also illustrates the effect of the population considered. In addition to the estimates for the adult population living on the coast (2.15 million), meta-regression benefit estimates are derived for the total adult population in Finland (4.2 million). The latter estimates assume that all Finns appreciate the benefits of recreation and ecosystem services of the Baltic Sea in a similar manner irrespective of their place of residence. Where this is the case, national investments in improving water quality clearly become more profitable. A smaller reduction in P load (16%) becomes beneficial for Finland even if its neighbors do not participate in abatement. Also, a larger reduction in P load (30%) becomes relatively more attractive if the neighbors a uctions. However, neither a 16% nor 30% reduction in N (not shown) turns out to be economically attractive even when using the highest damage estimate. This reflects the higher costs of N abatement technologies relative to those optimal for abatement of P.
The valuation functions (Figure 3 ) and time paths of abatement benefits ( Figure 5 ) determine how changes in the rate of interest affect the profitability of an environmental investment. With travel cost data, the expected benefits from abatement tend to increase with time ( Figure 5 ), whereby investments in water quality become more profitable at higher rates. In contrast, with meta-regression data the expected benefits from nutrient abatement are highest over the first decades and gradually decrease thereafter ( Figure 5 ), a trend attributable to the damage function bei bec in water quality does not prove profitable. If Finland is the only cou ng concave with respect to reductions in water clarity ( Figure 3b) . As a consequence, the environmental investments in water quality tend to be more profitable at lower rates of interest (Table 4 ).
The N and P concentrations of the Baltic Proper are important determinants of the nutrient budgets of other basins in the northern Baltic Sea due to the extensive exchange of water. The annual variation and the trends in concentrations of the largest basin reflect the land loads from the Baltic and Central European countries (Poland in particular) and occasional "salt pulses" from the Atlantic Ocean. Table 5 shows how assumptions about the future development of N and P concentrations in the Baltic Proper affect the profitability of environmental projects in Finland.
Parameter β represents the speed of change, and parameter α the proportional increase in nutrient concentrations when comparing the present level and the long-run equilibrium. According to the results, investments in reducing the nutrient load from the watersheds of the northern Baltic Sea ome economically more attractive, the lower the long-term average nutrient concentration of the Baltic Proper is. Also, the slower the speed at which concentrations increase in the Baltic Proper, the more profitable are the investments in water quality in Finland. [TABLES 5 AND 6 ABOUT HERE] The results regarding the feasibility of environmental investments on water quality have been shown so far at the national level. In Table 6 , the net present values and the benefit-cost ratios are shown by basin when the same abatement policy is applied uniformly in all regions (note also that the unit costs of abatement are assumed to be the same for all regions). Table 6 suggests that the nutrient abatement yields much higher returns for areas adjacent to the Bothnian Bay (BB) and the Gulf of Finland (GoF) than for the coastline of the Bothnian Sea (BS). Reduction of nutrient loads from agriculture is an effective means to improve the quality of the Bothnian Bay because land loads from the Finnish rivers represent a high proportion of the total nutrient inputs. In addition, the exchange of water with the other basins is small. On the other hand, the size of the coastal population (and hence the benefit) is small along the Bothnian Bay. In the Gulf of Finland, land loads from the Finnish rivers represent only a tiny share of total loads, but the relative size of the coastal population is much higher, yielding greater benefits. In the case of the Bothnian Sea, the relative size of the population and the share of nutrient loads from the Finnish rivers are both small and the environmental investment ntry investing in nutrient abatement, investments in the Bothnian Bay give the highest return.
However, if the neighboring countries are also committed to abatement, investments in the Gulf of The critical factors affecting the profitability of investment in abatement are the costs of the best nutrient abatement activities, the effectiveness of nutrient abatement on seawater quality, and the proportion of the population benefiting from recreation and ecosystem services. Our results suggest that Finnish investments in agricultural abatement would be most profitable in the case of hnian Sea, where abatement would have a strong effect despite the small population, or the Gulf of Finland, where abatement would be less effective but the population density is higher. Where the Bothnian Bay is concerned, the coastal population and the projected effectiveness of abatement activities on water quality are small, making investments in water quality unprofitable.
However, it should be noted that, contrary to the assumption in our basin-oriented model, The baseline in the abatement cost calculations includes subsidies for agricultural production with the exception of the environmental subsidy system. Including all the effects of the environmental subsidy system would require even more detailed modelin or of a particular policy into the results on abatement costs. Hence, the abatement costs should be interpreted with care: the baseline optimal solution does not have a one-to-one correspondence with the agricultural practices currently observed in Finland. Furthermore, the abatement cost analysis would benefit from a dynamic element incorporating the phosphorus stock in soil and the future structural trends of agriculture into the abatement cost calculation.
The analysis conducted in this study represents the first attempt to link benefit functions to a dynamic modeling framework for the entire Finnish coastline. We provide two distinct approaches for valuing the changes in Secchi depth and thus provide novel estimates for the monetary effects of eutrophication in the Baltic Sea. Interestingly, the value functions differ in their functional forms and the results are sensitive to the approach chosen.
The valuation of the effects of eutrophication could be further developed to obtain more comprehensive benefit estimates. At this stage, the value functions presented reflect merely part of the total economic value of the Baltic marine ecosystem services. However, the travel cost estimates reliable for extreme conditions in the Baltic Sea, which is an issue requiring further study. In addition, the analysis would benefit from more specific descriptions of the causes and effects of eutrophication that take into account temporal and spatial variation. Another challenge is to construct the link between nutrient concentrations and damage, which will require further ecological modeling to become more accurate.
The framework developed in this paper allows a wide variety of possibilities to develop the analysis further. An interesting issue for future research is the spatial and socio-demographic distribution of water conservation costs and benefits. In particular, it is essential to identify the population groups that perceive high water quality as extremely or even immeasurably important.
By identifying these groups, we may attempt to find ways to compensate them for their losses.
The focus in this study has been on the agricultural abatement costs. The perspective could be widened to other polluting sources, such as forestry, municipal wastewaters and urb the policy effects (e.g. Hanley political decision-making in the evaluation of omitted effects. An extensive cost-benefit analysis, such as the one presented in this study, provides organized information on the benefits and costs of an environmental project but cannot be applied as a rule to inform decision-making.
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Random factors
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